This research estimates the impact of climate on European agriculture using a continental scale Ricardian analysis. Data on climate, soil, geography and regional socio-economic characteristics were matched for 37 612 individual farms across the EU-15. Farmland values across Europe are sensitive to climate. Even with the adaptation captured by the Ricardian technique, farms in Southern Europe are predicted to suffer sizeable losses (8% -13% per degree Celsius) from warming. In contrast, agriculture in the rest of Europe is likely to see only mixed impacts. Increases (decreases) in rain will increase (decrease) average farm values by 3% per centiliter of precipitation. Aggregate impacts by 2100 vary depending on the climate model scenario from a loss of 8% in a mild scenario to a loss of 44% in a harsh scenario.
Introduction
There is a large literature that uses crop models to estimate climate change impacts on the yield of major grains in Europe. These studies reveal that both negative and positive impacts are possible (EC, 2009 ). Iglesias et al. (2012b) and White et al. (2011) review many crop model papers that estimate the impact of climate change on agriculture. In general, the risks are higher in the Mediterranean and Continental regions than in the Alpine and Boreal regions. Iglesias et al. (2012a) confirms that warming causes crop productivity to increase in northern Europe and decrease in southern Europe. However, there are important limitations to these crop models. First, they are focused on major grains and do not cover all crops and so not cover livestock. Second at all, they do not incorporate decisions by farmers to change inputs or outputs as climate changes. That is, they do not capture efficient adaptations that farmers will likely make as climate changes over the century. Mendelsohn et al. (1994) introduced the Ricardian method to estimate the impact of climate change on agriculture. The Ricardian model does not rely on complex crop-yield models, but rather is a cross-sectional technique that estimates the empirical relationship between land values and climate. Land values are regressed on climate, soil, geographic characteristics and other socio-economic control variables. The method relies on the assumption that agricultural land prices reflect the longterm productivity of land (Ricardo, 1817) . One important advantage of this method is that it includes all of the agricultural activities of farms (not just major grains). Another important advantage is that it controls for adaptation. Current land values reflect all the adjustments that farmers currently make to current climate. The technique consequently captures the efficient adaptations that farmers currently make to their local climate. It assumes that future farmers will be as flexible to and aware of local climate as current farmers are.
The Ricardian technique has been demonstrated to be a practical tool for predicting the agricultural consequences of global climate change (Timmins, 2006) . But there are limitations to the Ricardian technique. Factors important to farm productivity may vary across space along with climate and these factors should be accounted for (Deschênes and Greenstone, 2007) . This study goes to great lengths to control for many explanatory variables such as soils, access to markets (cities and ports), and national policies that may all influence the spatial distribution of land values. Climate must be carefully measured (Fisher et al., 2012) . The standard rule by climate is the outcome of 30 years of weather. Variables that do not vary across the sample such as global food prices (Cline, 1996) or carbon dioxide cannot be measured. The absence of price data means that the Ricardian analysis will underestimate the benefit and overestimate the damage from climate change, although the size of the bias is likely to be small (Mendelsohn and Nordhaus, 1996) . Rising carbon dioxide levels are expected to increase plant productivity (Kimball, 2007) so including carbon fertilization would likely increase net benefits. The Ricardian model includes farmer adaptation but it does not take into account transition costs. The model is intended for comparative static analysis, not year by year dynamic analysis. It is not clear if these transitory cost are large although. Kelly et al. (2005) argue they could be equal to 1.4% of annual land rents. One final controversial issue concerns irrigation. Schlenker et al. (2005) argue that rainfed and irrigated farmland must be analyzed separately. Although there is no question that the climate sensitivity of rainfed and irrigated farmland is different, the choice of irrigation is endogenous (Kurukulasuriya et al., 2011) . Treating irrigated and rainfed land exogenously does not properly capture the response of the entire agriculture system to climate.
Methodology
The Ricardian model assumes that farmland value per hectare (V) of each farm i in location r is equal to the present value of future net revenues from farm activities:
( 1) where is the market price of each crop at location r, is the output of each crop at farm i at location r, X i,r is a vector of inputs for each crop at farm i (other than land), is a vector of input prices at location r, is a vector exogenous variables at location r, and is the interest rate.
The farmer chooses the outputs and inputs X i,r that maximize net revenues. By solving (1) to maximize net revenues and by folding the vectors of prices and inputs and into the vector of exogenous variables , can be expressed as a function of only exogenous variables:
(2) Exogenous variables can be grouped into four subgroups: climate variables (temperature (T) and rainfall (R)), geographic variables (G), soil variables (S) and socio-economic variables (H).
We rely on a log-linear Ricardian model 1 because land values are log-normally distributed (Massetti and Mendelsohn, 2011) . We use climatology's -i.e. 30 year time averages -of temperature and rainfall to describe climate. Many Ricardian studies have shown that seasonal differences in temperatures and precipitations have a significant impact on land values. The agronomic literature and many Ricardian studies have shown that the relationship between climate and land values is hillshaped. We therefore estimate the following model for each farm i in location r :
where T and R are vectors of seasonal temperatures and precipitations in region r, with each season indexed by k; is a regional dummy and is a random error term which is assumed not to be correlated with climate.
The expected marginal impact of seasonal temperature on land value per hectare is equal to:
The marginal impact of seasonal temperature on the percentage of land value is:
The marginal effect of precipitation can be calculated in a similar way. The marginal consequently varies across space depending on the underlying land value and climate. To report the mean climate marginals for a country or the entire continent, we weight each location by which is the utilized agricultural land of each farm in location r multiplied by the number of farms.
The impact of a nonmarginal climate change on the value of land per hectare in farm i is calculated by comparing the estimated value of land under the new temperature and precipitation to the estimated value of land under the present climate :
The total impact of climate change ( ) or welfare loss in location r is then aggregated:
with n the total number of farms and as a weighting factor based on the total utilized agricultural area of farm i and the number of farms represented by farm i.
Data and model specifications
A comprehensive dataset of European agricultural data, present climate, future climate scenarios, socio-economic characteristics and geographic variables for 923 NUTS3 (Nomenclature of Territorial Units for Statistics) regions in the EU-15 has been built.
We have farm specific measures of the dependent variable ( ), the agricultural land value per hectare and some farm specific socio-economic variables (e.g., rented land). Most of the exogenous variables are unique to each NUTS3 region including climate (seasonal temperature and precipitation), soil (e.g., percent gravel and pH), socioeconomic (population density) , and geographic variables (e.g., distance from urban areas, distance from ports, latitude, mean elevation).
A detailed description of all model variables can be found in appendix A (Swinnen et al., 2009 ). These differences are captured by the country variables which are highly significant (omitted variable is the United Kingdom). Regional socio-economic variables Regional specific climatic variables Regional specific soil characteristics
Regional specific geographic variables
Farm specific socio-economic variables commercial agricultural holdings 2 . It is a stratified sample, based on type of farming, economic farm size and regions, ensuring to reflect adequately farming heterogeneity. There are 5 662 480 farms in the EU-15 (census 2007 data), with a total utilized agricultural area of about 120 million hectares. Our data sample of commercial farms covers 2 253 423 hectare utilized agricultural area and a total agricultural area of 73.2 million hectares. The sample covers 60% of all agricultural area.
Present climate data are derived from the Climatic Research Unit (CRU) CR 2.0 dataset (New et al., 2002) . The climatologies for temperature and precipitation rely on measurements from . Soil data are originating from the harmonized world soil database, a partnership between the Food and Agriculture Organization (FAO) and the European Soil Bureau Network. An overview and detailed description of all model variables and sources can be found in appendix A.
Farm level data is linked with the regional data on district level using NUTS3. In order to generate estimates of coefficients that are less sensitive to outliers we use a median regression. Furthermore, we weight each observation by the square root of land owned by the farmer i to correct for heteroskedasticity.
To calculate the welfare change (equations 6 and 7), associated with predicted future climate, we rely on climate model projections from the IPCC data distribution center. Long term emission predictions (2100) are taken from the SRES (Special Report on Emissions Scenarios) A2 scenario ( ). The A2 scenario predicts global CO 2 concentrations of 830-850 ppm by 2100 and represents a Business as Usual Scenario (no mitigation). In order to examine a reasonable range of climate outcomes, we analyze three different climate models (i) Hadley CM3 (Gordon et al., 2000) , (ii) ECHO-G (Legutke and Voss, 1999) , and (iii) NCAR PCM (Washington et al., 2000) .
Results
Section 4.1 discusses the results of the regressions across the EU-15 farms. A regression is done of the entire sample in order to understand the impact climate has on the entire sector. A set of subsamples are also analyzed to understand different components of European agriculture. Section 4.2 utilizes the regression of all farms and the climate projections to calculate the expected impacts of future climate scenarios. Section 4.3 analyzes the robustness of the Ricardian regressions.
Ricardian regression
The first two columns in Table 2 show the coefficients and standard errors of the log-linear regression of the entire sample of farms.
Twelve of the sixteen seasonal climate coefficients are statistically significant in this first regression revealing that climate has a significant impact on the value of European farmland. Only one of the squared temperature coefficients are significant implying seasonal temperature generally has a linear effect on land value. Land values fall with warmer winter and summer temperatures but they increase with warmer spring and autumn temperatures. This is consistent with other evidence suggesting that a cold winter kills pests and so is valuable and that warmer spring and autumns are valuable because they lengthen the growing season. The squared term for summer temperature is negative implying summer temperature has a hill-shaped relationship with land value. Dividing the linear coefficient by twice the squared coefficient reveals that the peak summer temperature is 9.5°C which is cooler than most European farms. Warmer summer temperatures are generally harmful in Europe. *** p<0.01, ** p<0.05, * p<0.1
Table 2: EU-15 Ricardian regression
Precipitation is also very important. All the squared terms for seasonal precipitation are significant. The seasonal squared terms are generally negative except for spring which is positive. For most of the seasons, precipitation has a hill-shaped relationship. More rainfall is good up to a point but then becomes harmful. The peak monthly precipitation is 37, 15, and 2 cm for winter, summer, and autumn respectively. For all of Europe, more winter rain is good (allowing farmers to start their season with moist soils) and more autumn rain is harmful because autumn rain damages many crops. For most of Europe, more summer rain is also beneficial. Spring precipitation has a U-shaped effect on land value, making it quite different from the other seasons. Spring rainfall is harmful at first and becomes beneficial only once it exceeds 8.8 cm/month.
Several of the control variables in the regression are also significant. Gravel soils tend to be harmful. A higher pH (more alkaline soil) increases land value. Higher population density increases land values which makes sense because higher density implies land is scarcer. Distance to markets reduces land value whether it is to large cities or ports. The coefficient is twice as large for ports as cities 
EU-15
(ommitted) *** p<0.01, ** p<0.05, * p<0.1; crops farms are classified as specialized field crops (including cereals, root crops, field vegetables and various field crops); grazing farms are classified as specialized grazing livestock (including dairying, sheep, goats, cattle rearing and fattening) (http://ec.europa.eu/agriculture/rica/ ) -0.137*** 0.026 -0.486*** 0.003 -0.334*** 0.029 -0.342*** 0.032 Temp. winter sq 0.004** 0.002 0.015*** 0.000 -0.021*** 0.002 -0.006*** 0.002 Temp. spring 0.357*** 0.047 -1.168*** 0.007 -0.582*** 0.064 -0.079 0.059 Temp. spring sq -0.003 0.003 0.045*** 0.000 0.046*** 0.003 0.043*** 0.004 Temp. summer 0.301*** 0.080 1.097*** 0.009 1.042*** 0.113 1.061*** 0.106 Temp. summer sq -0.011*** 0.002 -0.031*** 0.000 -0.038*** 0.003 -0.047*** 0.003 Temp. autumn 0.019 0.082 1.323*** 0.012 0.002 0.105 0.513*** 0.105 Temp. autumn sq -0.005 0.003 -0.022*** 0.000 0.021*** 0.005 -0.010** 0.004 Prec. winter 0.059*** 0.016 -0.120*** 0.001 0.225*** 0.026 -0.019 0.021 Prec. winter sq 0.001 0.001 0.016*** 0.000 -0.005*** 0.001 0.004*** 0.001 Prec. spring -0.296*** 0. suggesting ports lead to more valuable markets for farmers. Higher elevation is more harmful. Generally, higher elevation farms must cope with more diurnal temperature variance which tends to be harmful. Increased longitude is harmful implying that there is an advantage to being close to the Atlantic coast. Increased latitude is also harmful because it implies a reduction in sunlight. Country dummies are generally significant implying higher average land values in Denmark, Ireland, Italy, and the Netherlands, but lower values in Austria, France, East Germany, and especially Portugal.
Columns 1 and 2 in Table 3 describe a Ricardian regression estimated on only rainfed farms. Columns 3 and 4 describe the Ricardian regression for irrigated farms. The rainfed regression coefficients resemble the coefficients found for the entire sample, partially because rainfed farms make up three fourths of the total sample. The significant climate coefficients have the same sign except for the squared term on winter precipitation. So the general effect of climate on land value discussed above applies to rainfed farms. Even with respect to winter precipitation, it can still be argued that it is beneficial. However, only a few of the temperature effects are slightly different. Autumn temperature has no significant effect on land value and the summer peak temperature is 13.7°C in rainfed farms. The effect of the control variables is also quite similar for the rainfed farms.
Some of the regression results for the irrigated farms are different from the rainfed farms. The climate coefficients are all significant and the seasonal coefficients are generally larger. The squared terms for winter and spring temperature are positive (implying U shapes) while the squared terms for summer and autumn temperature are negative (implying hill-shapes). However, when one analyzes the shapes of these functions, warmer winters are harmful and warmer autumns remain beneficial for Europe. The summer peak for irrigated farms is higher than for rainfed farms, close to the current mean temperature for European farms. Spring is also different with warmer temperatures generally being harmful for much of Europe. The seasonal precipitation squared terms have the opposite sign for irrigated farms. The minimum values of the U-shaped functions for winter, summer, and autumn are 4, -22, and 14 cm/month for winter, summer, and autumn respectively. This implies that precipitation in all three seasons is beneficial (except for a few very wet farms in autumn). The peak value for spring precipitation is 7 cm/month which is close to the mean for Europe which means it is beneficial for dry farms and harmful for wet farms.
The control variables also have different coefficients for irrigated versus rainfed farms. For irrigated farms compared to rainfed farms, gravel soils become beneficial and alkaline soils are less beneficial, distance to cities matters more and distance to ports less, elevation has a smaller impact, and latitude becomes beneficial. It is more important for irrigated farms not to lose the moisture that is applied to the fields which explains the aversion to more sandy soils. The interaction with distance implies irrigated farms are more likely to send farm output to nearby cities than ports compared to rainfed farms. Elevation sometimes makes it easier to obtain surface water since delivery systems can rely more heavily on gravity. It is not clear why higher latitude favors irrigated farms. Table 3 also presents the regressions for specialized crop farms and specialized livestock farms. Several of the climate coefficients are quite different in these two subsamples. For example, the autumn temperature squared term is positive for crops but negative for livestock. For crops the squared precipitation terms are negative for winter and spring (hill shaped) but positive for fall (Ushaped). For livestock, they are positive for winter, spring and fall (U shaped), but negative for autumn (hill-shaped). But despite these differences, climate has very similar effects on both crops and livestock. Warmer summers and winters are harmful but warmer springs and autumns are beneficial. More rain is beneficial in winter and summer but more rain is harmful in spring (at least for most livestock farms). The big climate difference between crops and livestock is autumn rain which is harmful to most crop farms but beneficial to livestock farms.
Some of the control variables are also different between specialized crop and specialized livestock farms. Gravel soils are more harmful to crops, sandy soils are more harmful to livestock, alkaline soils are more beneficial to crops, population density is more beneficial to crops, distance to cities is more important to crops and distance to ports is more important to livestock, higher elevation and latitude are more harmful to livestock, and longitude (being further from the Atlantic) is more harmful to crops. But other variables are similar. For example, the countries with relatively low valued cropland (Austria, Spain, France, Portugal and East Germany) also have low-valued grazing land (although Austria's grazing land is worth a lot less than its cropland). The countries with high valued cropland (Greece, Ireland, Italy, Netherlands, and Denmark) also have high valued grazing land. Some of these control variables, such as elevation and longitude, may reflect omitted climate variables such as diurnal temperature variation (which increases with elevation) or interannual temperature variance (which increases with distance from oceans). Table 4 presents the marginal results of the regression in Table 2 using the entire sample of farms.
Marginal values refer to the percentage change in land value associated with a marginal increase in temperature and precipitation by season and for the whole year. Values are calculated for each country as well as for the EU-15 as a whole. Values vary across countries because of their underlying average climate.
For the EU-15, seasonal temperature and precipitation has a significant effect on farmland value. Warmer winter and summer temperatures are harmful and warmer spring and fall temperatures are beneficial. More precipitation in winter and summer is beneficial but more precipitation in spring and fall is harmful. The seasonal temperature effects cancel each other out so that annual temperature does not have any marginal effect on EU-15 average farmland values. The seasonal precipitation effects are offsetting but a marginal increase in annual precipitation increases farmland value.
The marginal effects differ a great deal across countries within the EU-15. Annual temperature has a beneficial marginal effect on Austria, Belgium, Germany, Denmark, Finland, Ireland, Luxembourg, Netherlands, Sweden, and Great Britain. All of these countries are northern members. Annual temperature has a negative marginal effect on Spain, Greece, Italy, and Portugal which are southern members. The magnitude of the marginal effects varies by countries. The marginal benefit is the highest in Sweden and Finland which gain about 9% of land value per °C. Spain, Greece, Italy, and Portugal all lose about 10% of land value per °C.
A marginal increase in annual precipitation is beneficial to Austria, Belgium, France, Germany, Greece, Italy, Luxembourg, Portugal, and Spain. Additional precipitation is harmful to Denmark, Finland, and Sweden and has no significant effect on Ireland, Netherlands, and Great Britain. The northern countries in Europe near the Atlantic appear to be the only countries that do not benefit from more rain. The countries that gain the most from more rain are Portugal, France and Spain which all gain about 6% of land value per cm/month. Finland loses about 5% of land value per cm/month. The marginal effect of seasonal temperature is stable across all the countries of the EU-15. They all benefit from warmer spring temperature and they all are harmed by warmer winter and summer temperatures. The positive marginal effects of autumn temperatures are not always significant in every country. The marginal seasonal precipitation effects are completely stable across countries increasing land values in winter and summer and decreasing land values in spring and fall. Impact (in %) of an increase of 1°C or 10mm, reported values are weighted averages, based on total farm utilized agricultural land and the number of farms represented by each farm. Significant different from 0 (no impact): *** p<0.01, ** p<0.05, * p<0.1. 
Projections with climate scenarios
In this section, we examine nonmarginal changes in climate predicted by climate models for 2100. As mentioned in section 3, we compare the current climate with the 2070-2100 climate predicted by each climate model: (i) Hadley CM3, (ii) ECHO-G and, (iii) NCAR PCM. These predictions are commonly used to assess the effects of climate change (e.g., Olesen et al. (2007) ; Iglesias et al. (2012a) ). The NCAR PCM scenario is relatively mild, predicting a 2.8°C increase and a decrease of 42 mm in annual precipitation. The ECHO-G and Hadley CM3 predict warming of 4.3°C and 4.4°C and a reduction of 168 mm and 273 mm in annual precipitation respectively. These models also make different regional predictions within the EU-15.
We use the coefficients from the estimated median regression of all farms (Table 2) to measure the consequence of these future climate scenarios. We begin by calculating what the regression model predicts the current farmland value is in the EU-15. We then calculate what the model predicts the future farmland value will be given the new climate scenario. The calculation takes into account the predicted change in both temperature and precipitation at each location. The effects are then aggregated across space to measure country impacts and EU-15 impacts. The first two columns in -5.50E+11 -5.30E+11 -5.10E+11 -4.90E+11 -4.70E+11 -4.50E+11 -4.30E+11 -4.10E+11 -3.90E+11 -3.70E+11 -3.50E+11 -3.30E+11 -3.10E+11 -2.90E+11 -2.70E+11 -2.50E+11 -2.30E+11 -2.10E+11 -1.90E+11 -1.70E+11 -1.50E+11 -1.30E+11 -1.10E+11 -9.00E+10 -7.00E+10 -5.00E+10 -3.00E+10 -1.00E+10 1.00E+10 3.00E+10 5.00E+10 7.00E+10 9.00E+10 1.10E+11 1.30E+11 1.50E+11 More
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In order to quantify the uncertainty surrounding the welfare estimates in Table 5 , we conduct a bootstrap analysis. These measures calculate the uncertainty of the welfare estimates conditional on each climate scenario. That is, they reflect the uncertainty in the Ricardian regression coefficients. Figure 4 shows the results of bootstrap estimations with 1000 repetitions using the median regression and a bootstrap sample estimated with replacement. The results illustrate the robustness of the negative impact of the climate change scenarios on European agriculture. Warming will be harmful to European agriculture by 2100. The results also indicate that the Hadley CM3 scenario is significantly more harmful than the NCAR PCM scenario. There are significantly different results across at least some climate scenarios. It is consequently very important for welfare studies of climate change to include a range of plausible climate scenarios and not just rely on a single climate model such as the Hadley CM3 or NCAR PCM climate model.
Robustness checks
The regressions in Tables 2 and 3 were estimated with median regressions. Appendix B compares estimates of the median regression with an otherwise similar OLS regression using the whole sample. We do not observe large differences in the coefficients between the two regressions or changes in sign. We do observe that the median regression leads to a flatter overall climate response function.
The results imply that the fringe predictions of the OLS regression are sensitive to extreme data points.
We conduct a different robustness check in Appendix C by using different methods to control for unobserved variables. The regressions in Table 2 and 3 use a Ricardian regression with country dummies (for each country, and a dummy for West-Germany and East-Germany). In Appendix C, we compare these results with a regression with no country dummies and a regression with 63 NUTS1 regional dummies. The fact that many of the country dummies in Tables 2 and 3 are significant implies that there remain some country-specific variables that are not included in the regression. These include country level policy variables. But they may also reflect other unmeasured variables such as unique varieties and breeds or even unique geographic or technological features peculiar to each country. Including the NUTS1 regional dummies removes even more spatial variation. This invariably removes even more unmeasured variables. However, it also removes a great deal of the desired variation in climate. It is no surprise then that the more heavily controlled regional regression pushes the climate coefficients towards zero. This same phenomenon can be seen in the panel regression results of Deschênes and Greenstone (2007) where the climate coefficients move towards zero as more and more controls remove the remaining variation of climate in the sample.
One final robustness check explores the degree of spatial correlation in the data. In this analysis, we explore whether the error terms across farms within a NUTS3 region are correlated. Of the 923 NUTS3 regions, the farm level errors are correlated in 416 regions. This correlation suggests that there remain some missing variables that explain why farm values are higher in one NUTS3 region versus another.
We then explore an aggregate regression model, using each of the 923 NUTS3 regions as observations. The mean farmland value per hectare of each region is the dependent variable and the characteristics of each NUTS3 region are the independent variables. Appendix B shows the results of the aggregate Ricardian regression, including the standard error corrected for spatial autocorrelation 3 . Logically, the results are very similar, although we see that several climate variables do not have a significant impact on farmland. With the corrected standard errors, winter, spring and autumn temperature and spring and autumn precipitation all have a significant impact on agricultural land value.
Discussion and Conclusions
Climate currently matters to European farmers. Our empirical results show that the seasonal climatic variables have a strong influence on current farmland values across Europe. In all cases, increasing spring temperature is beneficial while increasing summer temperature is detrimental for agricultural land value. Also important to mention is the beneficial impact of more precipitation in summer. The results are consistent with the results found in other studies using different approaches. The impact of climate change is not uniform across Europe. With all three climate scenarios, the impact is more severe in southern Europe which is harmed in all cases. In contrast, with the two milder climate scenarios, several northern European countries benefit from climate change. Only Ireland, however, appears to benefit in all three climate scenarios.
Our results show that the climate sensitivity of irrigated farms is not the same as the climate sensitivity of rainfed farms. Rainfed farms cannot be used to predict the climate outcome of irrigated farms (and vice-versa). However, that does not imply, as suggested by Schlenker et al. (2005) , that one cannot estimate a Ricardian model for the combination of all farms. The choice of whether or not a farmer selects irrigation is climate sensitive (endogenous) (Kurukulasuriya et al., 2011) . If one is trying to model the outcome of the entire agricultural sector, one should include both rainfed and irrigated farms in the analysis. Estimating them separately as exogenous samples, as suggested by Schlenker et al. (2005) , leads to biased outcomes.
The analysis also suggests that the climate sensitivity of cropland and grazing land is different. One cannot use a cropland Ricardian regression to estimate a grazing Ricardian regression (and vice versa). In order to measure the climate sensitivity of the entire agriculture sector, it is important to estimate a Ricardian model with both samples included. Analyzing the impact of climatic variables on just crops or just livestock does not allow substitution between crops and livestock. The Ricardian model captures adaptations that farmers can make with current crops, livestock, and technology. The analysis does not take into account adaptations that can be made through new breeds, varieties, and technologies. One important role of government is to conduct research and technology that might provide farmers with new opportunities to adapt to new climates. Another important role of government is to manage surface and ground water supplies to increase their overall efficiency. Finally, governments have an important role to play in reforming agricultural policy to facilitate farm adaptation. They must be careful to avoid creating incentives that inadvertently discourage farmers from making efficient responses to climate change.
Note that we use the estimated Ricardian functional form to predict how future climate change might affect future agricultural land value, assuming that all other conditions are kept constant. In other words, we simply isolate the effect of climate change and we do not make a forecast of how farmland values actually change. It is a comparative analysis and hence we do not take into account other likely changes such as in technology, prices, and investment. A major advantage of the Ricardian approach is that structural changes and farm responses are implicitly taken into account.
Our study also takes into account all current major farming activities in Europe such as crop and livestock farms. There remain several interesting topics for future research. It is important to explicitly capture adaptation within the Ricardian framework and estimate structural Ricardian models (e.g., Seo and Mendelsohn (2008b) ). It is important to expand the analysis to include the new European member states of Eastern Europe and it is important to include changes in water supply especially in the regions of Europe that will depend on irrigation.
Appendix A: overview of the model variables
Variable Description Source Farm specific socio-economic variables Agricultural land value (Euro/ha) The agricultural land is valued on the basis of prices (net of acquisition costs) applying in the region for non-rented land of similar situation and quality sold for agricultural purposes. The replacement value is divided by the utilized agricultural area in owner occupation. 
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